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A B S T R A C T
This study explored and applied the concepts of Fire Regulation Capacity (FRC) and Fire Protection Ecosystem
Service (FPES) in the assessment of the eﬀects of landscape change in a mountain ﬁre-prone landscape in
Portugal. We adopted a modeling and simulation approach using BFOLDS-FRM with landscape data for years
1990 and 2006 (observed) and with three landscape scenarios for 2020. Proxy indicators for FRC (burned area
and ﬁre intensity) and for economic damage by ﬁre (loss of provisioning ES) were used to establish trends in the
supply and value of FPES. We found decreased FRC to restrain simulated ﬁres burning over 100 ha from 1990 on
and to regulate Very High and Extreme ﬁre intensity levels, particularly under our 2020 scenario of Forest
expansion. FPES is also expected to decrease, as indicated by higher ﬁre-related damages, particularly if fuel
hazard increases in the landscape. However, there were diﬀerences among scenarios, suggesting potential trade-
oﬀs between FPES and the supply of provisioning ES. Planning and management in this and similar areas ex-
periencing farmland abandonment must consider ﬁre trends and patterns, since landscape change is a major
driver aﬀecting FRC and FPES, which may further be decreased by future climatic conditions.
1. Introduction
Fire is a widespread Earth process potentially occurring in more
than 30% of the land worldwide (Chuvieco et al., 2008), caused either
by natural factors or human-related ignitions (Pechony and Shindell,
2010), across many diﬀerent ecosystem types (Krawchuk et al., 2009),
and with multiple socio-ecological eﬀects (Bond and Keane, 2017;
Bowman et al., 2009, 2011). As a disturbance process of terrestrial
ecosystems, ﬁre intervenes in the regulation and the redistribution of
energy and mass ﬂows in the Earth system (McKenzie et al., 2011;
Smith et al., 2016; Sugihara et al., 2004). For many biological com-
munities and ecosystems, the occurrence of ﬁre is crucial (Bond and
Keane, 2017; Hutto, 2008; Keane et al., 2008). However, both climatic
and anthropogenic drivers have been modifying the ﬁre regime in both
space and time (e.g. frequency, intensity, ﬁre size, spread; Krebs et al.,
2010) on a global scale (Bowman et al., 2011; Pechony and Shindell,
2010), which may represent a higher risk to less ﬁre-tolerant commu-
nities and less resilient ecosystems (Bond and Keane, 2017; Keane et al.,
2008) and to human well-being (Bowman et al., 2009, 2011; de Guenni
et al., 2005; Smith et al., 2016).
Fire regulation by ecosystems and landscapes is an ecological
function that can mitigate the potential negative consequences of ex-
treme ﬁre events to a range of biological communities (Pettorelli et al.,
2017), but also provide an important ecosystem service (ES) that ben-
eﬁts human safety, health and economies (de Groot et al., 2010; de
Guenni et al., 2005; Haines-Young and Potschin, 2018; Pettorelli et al.,
2017). The interaction of both abiotic and biotic factors, i.e. fuel,
oxygen and a heat source, through the combustion process, allows ﬁre
to start (Byram, 1959), whereas ﬁre spread is driven by the complex
interaction between climate-weather, fuels, topography and ignition
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source (e.g. Byram, 1959; Fernandes et al., 2016b; Rothermel, 1983;
van Wagtendonk, 2004). Ecosystem properties (e.g. plant species
composition, vertical and horizontal structure, biomass production)
aﬀect the characteristics of fuels available to burn (e.g. size, arrange-
ment, load and moisture), the microclimatic conditions or the wind
exposure, which largely contributes to deﬁne how ﬁre will behave and
the eﬀects that it will produce. For instance, ﬁre behavior descriptors
(rate of spread, ﬁreline intensity and crown ﬁre potential) may vary
depending on vertical and horizontal stand structure characteristics
(Fernandes, 2009), and are major factors in determining ﬁre severity
(Fernandes et al., 2010); also, the degree at which ﬁre intensity and ﬁre
rate of spread may be regulated depends on microclimate conditions
(wind speed and fuel moisture) generated by diﬀerent tree species
(Pinto and Fernandes, 2014).
In addition, landscape patterns play an important role in regulating
ﬁre (Turner et al., 2001), particularly concerning landscape hetero-
geneity, since it can inﬂuence ﬁre spread and intensity due to the
abundance and the spatial pattern of fuels or the existence of fuel
connectivity or barriers for ﬁre spread (fuel breaks) in the landscape
(Turner et al., 2013). For instance, growing landscape homogeneity
increased ﬁre proneness in Mediterranean ecosystems (Lloret et al.,
2002); also, the eﬀect of extreme weather on ﬁre size was mitigated by
increasing pyrodiversity on the landscape in Portugal (Fernandes et al.,
2016b). On the other hand, landscape disturbances are able to regulate
landscape patterns, which in turn aﬀects ecological processes (e.g. net
primary productivity or ecological succession), and disturbances re-
gimes (Turner et al., 2013, 2001). For example, ﬁre was able to change
the spatial structure of diﬀerent forest types in the landscape, which in
turn caused a shift in ﬁre regime (Pausas, 2006). Also, changes in land
use and land cover (LULC) are expected to increase ﬁre hazard due to
the modiﬁcation of landscape composition and conﬁguration (e.g.
Azevedo et al., 2011b; Martín-Martín et al., 2013).
The ﬁre regulation capacity (FRC) concept (de Guenni et al., 2005)
refers to the capability that both ecosystems and landscapes have in
regulating spatiotemporal properties and characteristics of ﬁre through
the control of key factors that determine how ﬁre behaves and the ef-
fects that may produce, which in turn are perceived as a beneﬁcial
ecosystem function, directly or indirectly, by a range of species
(Pettorelli et al., 2017). The ﬁre regulation capacity (FRC) can con-
stitute a valuable function delivered by the ecological system to human
well-being in terms of the maintenance of ﬁres within acceptable im-
pact thresholds, providing an important ecosystem service that may
contribute to the protection against the harmful eﬀects of ﬁre (Haines-
Young and Potschin, 2018).
Despite the importance of ﬁre in most of the world (Krawchuk et al.,
2009) and the socio-economic advantages resulting from ﬁre regulation
by ecosystems and landscapes, ﬁre research from an ES point of view is
scarce in the literature (de Guenni et al., 2005; Maes et al., 2011). This
may be explained, at least partially, by the diﬃcult identiﬁcation of
indicators to deﬁne and assess a ﬁre-related service (Czúcz et al., 2018;
Layke, 2009) due to the complexity of the processes involved in ﬁre
behavior and of their dynamics (e.g. McKenzie et al., 2011; Rothermel,
1983; van Wagtendonk, 2004), and also because catastrophic phe-
nomena, such as wildﬁres, are sometimes addressed in the literature as
ecosystem disservices (EDS) (Shackleton et al., 2016; Vaz et al., 2017).
Although some eﬀorts have been made to identify potential indicators
(Maes et al., 2011; Pettorelli et al., 2017), the inclusion of wildﬁres in
ES-based (or EDS-based) assessment frameworks remains limited. Ex-
ceptions include case studies using ﬁre metrics in ES assessment
(Azevedo et al., 2011a; Halofsky et al., 2017; Madureira et al., 2013), or
econometric approaches to assess the resulting service (Bernués et al.,
2014; Madureira et al., 2013; Ninan and Kontoleon, 2016; Parthum
et al., 2017; Román et al., 2013).
According to standardized ES typologies, this service is part of the
regulating ES category subset, which is generally referred to as natural
hazard mitigation (Alcamo et al., 2003; de Groot et al., 2010; MEA,
2005). Several deﬁnitions for the ﬁre-regulating ES provided by eco-
systems and landscapes can be found in the literature (e.g. Azevedo
et al., 2011a; Halofsky et al., 2017; Madureira et al., 2013; Parthum
et al., 2017). However, the latest v5.1 version of CICES (Haines-Young
and Potschin, 2018) deﬁnes more clearly the service by including a new
class described as “Fire protection” ES (FPES) within the group ‘Reg-
ulation of baseline ﬂows and extreme events’, which recognizes the
ecological and anthropic dimensions that underlie the service, i.e., the
role of ecological features and the contribution of their outcomes (e.g.
the reduction of ﬁre incidence, intensity or rate of spread) to human
protection, by mitigating or preventing damages (costs) caused by ﬁres
to humans (e.g. human health and safety) and their livelihoods (e.g. the
usage of natural resources by people).
Modiﬁcations in ecosystems and landscapes are likely to change
FRC and increase the vulnerability of the human system (e.g. threats to
human lives and health, property damage, loss of habitats, soil erosion,
loss of productivity, and ultimately land degradation) (de Guenni et al.,
2005). Important LULC changes that took place across Europe
(Kuemmerle et al., 2016), mainly driven by rural depopulation and land
abandonment (Weissteiner et al., 2011), particularly in mountains (e.g.
Honrado et al., 2017; McDonald et al., 2000; Moreira et al., 2008;
Poyatos et al., 2003) are expected to increase ﬁre hazard if landscape
heterogeneity decrease and/or the amount of contiguous fuel loads
available to burn increase (e.g. Benayas et al., 2007; Moreira et al.,
2011). In addition, the Mediterranean climate characterized by ex-
tended droughts combined with high temperatures, is also a key ﬁre
driver that may be aggravated by future extreme weather conditions
resulting from climate change (Dubrovský et al., 2014), further in-
creasing the risk of wildﬁres (e.g. Moriondo et al., 2006; Pereira et al.,
2013).
Between 1990 and 2016 there were, on average, nearly 76,000 ﬁres
burning more than 450 kha per year in Europe (San-Miguel-Ayanz
et al., 2016). Mediterranean countries, including mainland Portugal,
accounted for more than 90% of the total burned area and more than
75% of all wildﬁres occurring annually (San-Miguel-Ayanz et al., 2016),
where 95% were human-driven ignitions, which essentially are driven
by socio-economic and cultural factors (Ganteaume et al., 2013).
Wildﬁres impact annually 3% of the Portuguese wildland, leading to
socioeconomic damages that average 276.6 million € per year (Mateus
and Fernandes, 2014; Rego et al., 2013), and the loss of human lives, as
occurred in 2017, where ﬁres were particularly disastrous, killing 113
people and burning nearly 0.5 million ha (ICNF, 2017). The manage-
ment of wildﬁre hazard is therefore crucial for the protection of human
communities and their livelihoods. Anticipating the eﬀects of future
climate and land use changes on the ﬁre regulation capacity (FRC) and
the resulting ﬁre protection ES (FPES) is therefore paramount to design
and implement ﬁre-smart management strategies (Fernandes, 2013).
This study was developed in a ﬁre-prone mountain region under-
going land abandonment and aimed to (i) clarify and apply the concepts
of Fire Regulation Capacity (FRC) and Fire Protection Ecosystem
Service (FPES), (ii) assess changes in FRC driven by landscape change,
and (iii) assess how those changes aﬀect the potential supply of FPES,
i.e. the beneﬁts to humans and their livelihoods deriving from land-
scape regulation of harmful wildﬁre impacts. We applied a modeling
and simulation approach to identify landscape pathways with negative
eﬀects on FRC (and FPES) under extreme weather conditions, in order
to improve the management of ﬁre-prone landscapes. Our research
workﬂow was based on the following questions sequentially applied to
the study region: (i) how does landscape change aﬀect FRC?; (ii) what is
the impact of changes in the ﬁre regulation capacity on the supply of
FPES?; and (iii) what is the economic value of FPES, how did it change
over time and how will it potentially change in the future?




The study was conducted in the upper basin of the Sabor river, a
30,650 ha mountain area in northern Portugal. The area is included in
the Montesinho Natural Park and in the Natura 2000 site ‘Montesinho-
Nogueira’ (Fig. 1). Diﬀerent topographic, bioclimatic and geological
conditions combined with traditional land management promote a di-
versity of LULC types throughout the landscape, in which semi-natural
vegetation and, more recently, forests are predominant (Azevedo et al.,
2011a,b; Carvalho-Santos et al., 2017; Sil et al., 2017, 2016).
Rural depopulation and socioeconomic changes that have taken
place in the region over several decades produced widespread aban-
donment of marginal agricultural land. Mountain aﬀorestation pro-
grams in the mid-20th century, and the recent conversion of annual
crops to permanent sweet chestnut groves, also contributed to the
strong changes observed in this landscape (Azevedo et al., 2011a,b).
Consequently, the potential supply of several ES has been enhanced in
this region (Sil et al., 2017, 2016). On the other hand, the number of
wildﬁres and the burned area increased from 1990 to the mid-2000′s,
with a small decline in the last decade (ICNF, 2015). Several studies
conducted locally (Azevedo et al., 2013, 2011a,b; Magalhães et al.,
2017; Monteiro 2011; Moreira et al., 2008; Rachdi, 2016; Silva et al.,
2011) suggest that LULC changes, topography, and vegetation type and
structure are relevant factors that aﬀect ﬁre behavior in the area.
2.2. Approach and research framework
We assumed that Fire Regulation Capacity (FRC) is an ecosystem
function (Pettorelli et al., 2017) deﬁned here as the capability of eco-
systems and landscapes to regulate spatiotemporal attributes of ﬁre
regimes through the control of factors aﬀecting ﬁre behavior and im-
pacts. We also assumed that FRC enables the supply of the Fire Pro-
tection Ecosystem Service (FPES) whenever it contributes to prevent
harmful impacts of wildﬁres on humans and their livelihoods, and
promotes the receipt of beneﬁts (de Guenni et al., 2005; Haines-Young
and Potschin 2018; Pettorelli et al., 2017).
Therefore, the FPES was considered here as the contribution of
landscape FRC to prevent losses of other ES supplied (i.e. beneﬁts) in
the study area caused by ﬁre, whose value was derived from the as-
sessment of the potential supply of provisioning ES and the direct da-
mages incurred from ﬁre in monetary terms, following a production
function-based approach (Pascual et al., 2010). We assumed that the
FPES value estimated represents only partially the potential value that
this ES in the study area.
We assessed FRC based on two output metrics of simulated ﬁre
behavior (ﬁre extent and ﬁre intensity), considered as proxies
(Pettorelli et al., 2017). This was applied in a context of landscape
change based on LULC data in the study area for 1990 and 2006, as well
Fig. 1. Location of the study area (a) in northern Portugal, and (b) as part of the Montesinho Natural Park and the Natura 2000 network sites (SPAs – Special
Protection Areas, and SCIs – Sites of Community Interest); c) Land cover map with indication of the major land cover types in 1990.
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as for three landscape scenarios for 2020. We assumed that increased
burned area and ﬁre intensity are indicative of decreased FRC (de
Guenni et al., 2005; Pettorelli et al., 2017). We also assumed that de-
creasing FRC is harmful for humans since it increases the negative
impacts of wildﬁres on well-being (de Guenni et al., 2005; Haines-
Young and Potschin 2018).
We then computed FPES based on the economic impact (damage) of
simulated ﬁres on the value of three provisioning ES important for the
local economy: wild mushrooms, ﬁrewood, and timber production. It
was expressed as a function of the potential economic value of the three
provisioning ES and of the value of these ES that are lost in simulated
ﬁre events (damage). Diﬀerences in ﬁre-caused damage between spe-
ciﬁc dates and landscape scenarios indicate economic trade-oﬀs be-
tween FPES and provisioning ES under diﬀerent pathways of landscape
change in the study area (de Groot et al., 2010).
2.3. Fire simulations
2.3.1. Experimental setup
The Boreal Forest Landscape Dynamics Simulator – Fire Regime
Module (BFOLDS-FRM) (Perera et al., 2008, 2014), speciﬁcally the
LANDIS-II extension (Scheller et al., 2007) was used to simulate ﬁres
across the landscape in 1990, 2006, and 2020 (3 scenarios). BFOLDS-
FRM is a spatially explicit process-based model that simulates ﬁre
growth using information on land cover, weather and topography. We
ran all simulations under extreme ﬁre weather conditions, to consider
the worst-case scenario of potential ﬁre behavior and because burned
area is strongly associated with dry and windy summer conditions in
Portugal and in the Mediterranean region (e.g. Pereira et al., 2013;
Turco et al., 2017). We set each simulation to run for a maximum of
four days, based on available data on consecutive extreme ﬁre weather
days for the area. We assumed constant ﬁre weather severity, with ﬁre
extinction either at the end of the simulation, when ﬁre reached non-
burnable land cover classes, or when it reached the limits of the study
area. Fuel characteristics used in the simulations were maintained
constant over time, i.e. we assumed no vegetation growth. Also, the
location of the ignition points (n=30 per date/scenario) was kept
constant for all the simulations. Under these assumptions, ﬁre behavior
analysis over time (1990–2020) was a function of changes in landscape
composition and conﬁguration. BFOLDS simulations (n=150) ran in-
dependently to avoid conﬂicts among ﬁre ignitions in the landscape.
2.3.2. Fire ignition points
We simulated ﬁres across the landscape from 30 ignition points per
date/scenario that were kept constant for all the simulations (Fig. 2).
GIS functions were used to randomly distribute these points over the
landscape, excluding agriculture due to its relatively low ﬁre proneness
(Barros and Pereira, 2014; Carmo et al., 2011) and non-burnable urban
areas and water bodies. Although the number of ﬁres in European
Mediterranean countries may vary in space and time according to
changes in their socioeconomic context (Ganteaume et al., 2013), we
assumed that those factors were constant over time and did not inﬂu-
ence neither the location nor the number of ﬁres simulated. In addition,
we tested the eﬀect of the sample size (i.e. the number of ﬁre points
used in the simulations) in each date/scenario, which indicated that
using 30 points in the sample would be enough to capture the varia-
bility of the output variables, and also that increasing the sample size to
more than 30 points would not produce signiﬁcant changes in the re-
sults since the variance stabilized around n=30.
2.3.3. Simulation scenarios
Besides the available spatial LULC databases for years 1990 and
2006, we used three alternative future (2020) landscape scenarios that
were previously established (Sil et al., 2017). Scenarios in the present
study aimed to explore how diﬀerent pathways of landscape evolution
may aﬀect FRC and FPES in the future, considering the current trend of
the landscape towards abandonment as the baseline. We built the sce-
narios based on the major transition patterns observed for two parishes
within the study area, identiﬁed after the analysis of the probability
transition matrices (from year 1992 to 2006) available in the studies of
Azevedo et al. (2011b) and Pinheiro et al. (2014).
Therefore, we have considered the following alternative landscape
scenarios for 2020: “Rural abandonment” intends to simulate the
abandonment of the landscape at a similar rate that has occurred in the
recent past (i.e. from 1990 to 2006), reﬂecting a moderate increase of
forest and semi-natural areas on abandoned agricultural land; “Forest
expansion” intends to simulate a substantial increase of forest areas in
the landscape either by aﬀorestation or natural regeneration that may
convert abandoned agricultural ﬁelds and semi-natural areas into forest
plantations and/or natural forests; and “Shrubland expansion” intends
to simulate the increase of semi-natural areas in the landscape due to
the encroachment of shrubs in abandoned agricultural ﬁelds and forest
areas aﬀected by ﬁres. Table 1 summarizes the landscape transitions
occurred between 1990 and 2006, and 1990 and 2020 (scenarios) for
the major cover types in the study area. The observed and the simulated
landscape raster datasets were prepared at a 25-m spatial resolution
based on the corresponding land cover maps.
2.3.4. Simulation input data
Fuel types. Burnable LULC classes were aggregated into four major
cover types (coniferous forest, mixed forest, sweet chestnut agroforestry
systems, and semi-natural vegetation). Two original fuel types (C6, M2
25% Conifer) from the Canadian Fire Behavior Prediction System
(CFBP) (Forestry Canada Fire Danger Group, 1992) available in
BFOLDS-FRM were used in the simulations, while CFBP models O1a
and O1b were customized to best ﬁt the vegetation types in the study
area. The description of CFBP fuel types, their adaptation and the
parameters for each fuel type used in the simulations are summarized in
Supplementary Material A.
Weather data. Four consecutive days with extreme ﬁre weather
(FWI > 55) (Viegas et al., 2004) were selected from the closest
(Bragança) weather station database (Supplementary Material B). The
Canadian Forest Fire Weather Index System codes (FFMC, DMC, BUI
and FWI) were computed from daily temperature, relative humidity,
and wind speed measured at noon, and 24-hour cumulative rainfall,
collected from the Bragança weather station dataset. Due to lack of
wind direction data, required by BFOLDS, the dominant east to west
wildﬁre orientation in the region (Barros et al., 2012) was assumed as
the wind direction common to all simulations.
Topography. Terrain spatial data (latitude and longitude, slope, as-
pect) was computed at 25-m spatial resolution using GIS functions
based on the Digital Elevation Model (DEM) for Portugal (Gonçalves
and Morgado, 2008).
2.3.5. BFOLDS-FRM scenario ﬁle
BFOLDS-FRM parameters were customized in order to ﬁt the model
to the study area conditions. DMC threshold values were adjusted based
on expert knowledge and wildﬁre data, respectively, 5 for ignition
(default value=20), and 12 for sustained ﬁre spread (default
value= 20). All other parameters were set at their default values.
2.4. Estimates and value of provisioning ES
The economic value of FPES was assessed based on the evaluation of
impacts of ﬁre on the supply and the market price of three provisioning
ES valued in the region, namely wild mushrooms, ﬁrewood and timber
production. Data available from previous research on the assessment of
ecosystem services indicators and trends within the study area
(Rodrigues, 2015; Sil et al., 2016) supplied the data used in the present
work. Table 2 summarizes the approaches used to estimate the selected
provisioning ES and their value.
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2.5. Data analysis
FRC was analyzed based on burned area and ﬁre intensity, assuming
as baseline scenario the year of 1990 to coincide with the earliest
available description of the landscape (see Fig. 1c). We adopted as re-
ference the number of ﬁres with a burned area≥ 100 ha [i.e. Large
Fires (≥100 ha), the oﬃcial size threshold (ICNF, 2017); and Extremely
Large Fires (> 2500 ha; Fernandes et al., 2016a)], and the average
burned area at Very High and Extreme ﬁre intensity in 1990. The ﬁre
intensity classiﬁcation expresses ﬁre suppression diﬃculty (Alexander
and Lanoville, 1989): Low (< 500 kW/m), Moderate (500–2000 kW/
m), Very High (2000–10,000 kW/m) and Extreme (> 10,000 kW/m).
We then assessed the same metrics for 2006 and for each LULC scenario
in 2020.
Diﬀerences among dates and scenarios were statistically analyzed
using IBM SPSS Statistics for Windows, Version 20.0 (IBM Corp, 2011),
applying nonparametric statistics, namely Cochran’s Q test followed by
Dunn’s pairwise tests for α=0.05 for comparisons of ﬁre size dis-
tribution; and Kruskal-Wallis H test followed by a mean rank multiple
comparison for α=0.05, using Dunn’s pairwise tests with Bonferroni
error correction, for comparisons of overall average burned area or
overall average ﬁre intensity distributions, and burned area per ﬁre
Fig. 2. Distribution of the 30 ignition points for ﬁre behavior simulations in the study area.
Table 1
Landscape transitions (%) occurred between observed (1990–2006) and simulated scenarios (1990–2020) for the major cover types in the upper basin of the Sabor
River.
Transition Cover type
From To Agriculture Mixed forest Coniferous forest Sweet chestnut agroforestry Semi-natural vegetation
1990 2006 −13.8 45.6 3.9 16.0 −3.3
2020 - Rural abandonment −35.3 56.9 14.8 26.6 3.2
2020 - Forest expansion −21.4 117.3 61.1 74.6 −28.8
2020- Shrubland expansion −23.2 15.5 −20.7 11.1 13.0
Table 2
Summary of approaches and data sources used in the biophysical and economic valuation of the selected provisioning ES to assess FPES.
Ecosystem service Biophysical valuation Economic valuation
Wild mushrooms Estimates of the production of potential supply of mushrooms in each habitat
occurring in the study area for each of the species known to be collected for
home consumption or commercial sale in the region (Garcia et al., 2006)
Average market prices reported for the Northeast of Portugal (Garcia et al.,
2006)
Firewood Estimates of the living aboveground biomass of pure hardwood forest in the
area using a production table (Carvalho, 2000) for Quercus pyrenaica in the
region
Average market price of ﬁrewood in the region, assumed to be 100 €/Mg
(based on local market transactions)
Timber Data on the volume of softwood harvested in two forest perimeters within the
study area, and estimates of the harvestable volume of softwood available in
the area through modelling using a regional growth and yield model for P.
pinaster – (FlorNExT; Peréz-Rodrígues et al., 2015)
Average timber market price per diameter class (Duro, 2008). Softwood
stands younger than 20 years and small in diameter (< 14 cm) were
considered as without market value (Rodrigues, 2015; Sil et al., 2016)
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intensity distributions (Supplementary Material C).
FPES in each date/scenario was calculated as the diﬀerence between
the value of the potential (maximum) supply of mushrooms, ﬁrewood
and timber, and the value of these provisioning ES lost by the simulated
ﬁres. The latter was obtained by multiplying the average burned area
per land cover type by the biophysical and economic estimates of each
provisioning service made for years 1990, 2006, and 2020 (3 sce-
narios). Since FPES in the landscape changed over time, it is presented
also as the percentage of the maximum ES that remained after ﬁre. We
assumed that burned land cover types were totally damaged by ﬁre,
representing complete loss of the provisioning ES supply within those
areas.
3. Results
3.1. Landscape ﬁre regulation capacity
The LULC changes observed between 1990 and 2006 increased
slightly the simulated total and average burned area. This trend was
also obtained for two 2020 landscape scenarios (Rural abandonment
and, especially, Forest expansion, with signiﬁcantly diﬀerent values
(p=0.016) from those of all other dates/scenarios), whereas a decrease
was observed under the Shrubland expansion scenario (Fig. 3a).
There was also a small increase of the average ﬁre intensity between
1990 and 2006, but a more substantial increase was found for the 2020
Forest expansion scenario, while the two other scenarios showed a
decrease (Fig. 3b). Average ﬁre intensity was signiﬁcantly diﬀerent
(p=0.000) among scenarios and dates.
The number of large ﬁres (≥100 ha) may have increased slightly as
a result of the observed landscape changes (1990–2006), but a sig-
niﬁcant increase (p=0.019) was found between the 1990 baseline and
the Rural abandonment and Forest expansion scenarios for 2020
(Fig. 4). Also, the number of extremely large ﬁres (> 2500 ha) in-
creased in these same 2020 scenarios, but especially in the latter, while
under the Shrubland expansion scenario large ﬁres were more frequent
than extremely large ﬁres (Fig. 4).
The distribution of burned area per ﬁre intensity class showed a
similar pattern among dates and scenarios. The Low ﬁre intensity class
accounted for the highest burned areas, usually followed by the Very
High, Moderate and Extreme classes (Fig. 5). Between 1990 and 2006,
despite landscape changes resulting in a general increase of ﬁre in-
tensity, there was an areal decrease of Very High and Extreme ﬁre in-
tensity (Fig. 5). Compared with the baseline, future ﬁre intensity gen-
erally increased under the Forest expansion scenario, and decreased
under the Rural abandonment and Shrubland expansion scenarios
(Fig. 5). However, areas burned at Very High ﬁre intensity increased for
both Rural abandonment and Forest expansion scenarios, whereas areas
burned at Extreme ﬁre intensity increased signiﬁcantly (p=0.024)
only in the latter scenario (Fig. 5). This is mainly a result of the higher
forest cover in these two scenarios, but especially of coniferous plan-
tations under the Forest expansion scenario (Fig. 6).
3.2. Fire protection ecosystem service
The estimated economic losses of the selected provisioning ES due
to ﬁre damage increased slightly between 1990 and 2006 and are
predicted to grow further under the several future landscape scenarios
(Fig. 7). This growth is a consequence of increasing both ﬁre size and
the supply and value of provisioning ES. Expressing FPES as a propor-
tion of the potential (maximum) economic value of the provisioning ES
(i.e. if not impacted by ﬁre), to control the eﬀect of the growing supply
and value of the provisioning ES, we predicted a decrease in the supply
of FPES from 1990 (90.9%) to 2006 (86.8%) as well as from 1990 to
2020 in the Abandonment (87.1%) and Forest expansion (80.8%) sce-
narios. In the latter scenario, losses account for as much as 6.5M€ of the
potential value of provisioning ES (33.9M€). FPES in the Shrubland
expansion scenario (89.9%) is close to the level observed in 1990 al-
though absolute losses due to ﬁre in this 2020 scenario are much higher
(2.36M€).
The Forest expansion scenario yields the highest potential income in
the study area in 2020 but, at the same time, the highest potential losses
caused by ﬁre (Fig. 8). The Shrubland expansion scenario holds the
Fig. 3. Burned area (a) and ﬁre intensity (b) per date and scenario based on 30
simulated ﬁres. Median, quartiles and outlier values are shown. Distributions
with diﬀerent letters are signiﬁcantly diﬀerent.
Fig. 4. Distribution of ﬁres per size class in 1990, 2006 and 2020 scenarios
based on 30 simulated ﬁres.
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lowest potential losses but also the lowest potential income, whereas
the Rural abandonment scenario presents higher levels of potential
income derived from provisioning ES supply and moderate potential
losses caused by ﬁre (Fig. 8).
4. Discussion
4.1. Trends in ﬁre regulation capacity
The decrease of agricultural areas observed from 1990 to 2006
(−14%) due to abandonment and their replacement by more ﬂam-
mable land cover types, led to changes in landscape structure, more
pronounced in the simulated alternative landscape scenarios. The Rural
abandonment scenario represents a loss of 35% of agricultural land in
this period, while the Forest expansion and the Shrubland expansion
scenarios represent losses of this LULC class of 21 and 23%, respec-
tively. Agricultural areas may act as fuel breaks and their replacement
aﬀects the distribution of fuels in the landscape, increasing both fuel
horizontal continuity and fuel availability. These changes aﬀected ﬁre
behavior (Fig. 3) and the capacity of the landscape to regulate ﬁre
(Figs. 4–6).
Increasing number of ﬁres≥ 100 ha between 1990 and 2006 and
also from 2006 to 2020 (all scenarios) indicates a decrease in the Fire
Regulation Capacity of the Sabor River’s landscape (Fig. 4). For the
particular case of the 2020 scenarios Forest expansion and Rural
abandonment, it is the number of ﬁres larger than 2500 ha that indicate
a considerable decrease in FRC in the landscape (Fig. 4). In addition to
size, ﬁre intensity also tended to increase between 1990 and 2006,
despite the capacity of the landscape to mitigate Very High and Extreme
intensity events increased slightly, but not signiﬁcantly, during this
period (Fig. 5). Among 2020 scenarios, although ﬁres tended to become
larger only the Forest expansion landscape showed a signiﬁcant re-
duction of the capacity to regulate Very High and Extreme intensity
events, whereas the remaining scenarios showed that extremely intense
ﬁres may be mitigated, but not signiﬁcantly (Fig. 5).
The decrease of areas burned at Very High and Extreme ﬁre in-
tensity in 2006 and in the 2020 Shrubland expansion scenario is par-
tially explained by the reduction of burned conifer stands, which did
not occur in the 2020 Forest expansion and the Rural abandonment
scenarios, despite the latter having an increase of sweet chestnut groves
and mixed forest in the landscape, which contributed to balancing low
and high fuel hazard areas (Figs. 5 and 6). Contrarily, the Forest ex-
pansion scenario increased in ﬁre intensity in general and in the fre-
quency of higher ﬁre intensity classes. This pattern is partially ex-
plained by the sizeable expansion of forest particularly at the expense of
semi-natural areas, resulting in more burned forest, particularly con-
ifers, and in a higher fraction of area burned at Very High and Extreme
ﬁre intensity levels (Figs. 5 and 6). Hence, in this scenario, the land-
scape capacity to restrain extreme ﬁre intensity events is low, sug-
gesting that a higher percentage of the area will eventually experience
high damage.
Our results agree with other studies in Mediterranean Europe re-
porting similar trends in land abandonment (mainly of farmland)
leading to natural vegetation encroachment or aﬀorestation, increasing
Fig. 5. Burned area (ha) per ﬁre intensity class per date or 2020 scenario on 30 simulated ﬁres. Where: (a) Low; (b) Moderate; (c) Very High; (d) Extreme. Median,
quartiles and outlier values are shown. Distributions with diﬀerent letters are signiﬁcantly diﬀerent.
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homogeneity and fuel contiguity in the landscape and producing
changes in ﬁre behavior patterns (Azevedo et al., 2011a,b; Benayas
et al., 2007; Duguy et al., 2007; Fernandes et al., 2016b, 2014; Martín-
Martín et al., 2013; Montiel and Galiana-Martín, 2016; Moreira et al.,
2011; Pausas and Fernández-Muñoz, 2012; Vega-García and Chuvieco,
2006; Viedma et al., 2009). Our results follow the generic trends for
Mediterranean Europe, where changes in landscape composition are
major drivers of change in ﬁre behavior (Moreira et al., 2011). Our
results are also in line with Fernandes (2009) and Fernandes et al.
(2014, 2010), that describe similar trends regarding changes in ﬁre
hazard due to changes in fuel composition and structure, as well as with
Azevedo et al. (2011a,b), that reported an increase of extreme ﬁre
danger after expansion of shrub and forestland replacing farmland
within or near the studied watershed.
However, our results diﬀer slightly from some of the other studies
mentioned above (e.g. Azevedo et al., 2011b; Duguy et al., 2007;
Moreira et al., 2011) regarding higher ﬁre proneness of shrubland when
compared to forest or agricultural areas, due to the higher rate of
spread and ﬁre intensity exhibited by these cover types (Figs. 3 and 5).
These diﬀerences can be an artifact of the ﬁre modeling system used –
based on Rothermel ﬁre spread model in those studies versus the Ca-
nadian Fire Behavior Prediction System in our study – plus diﬀerences
in shrubland fuel characterization. We assumed low shrubs (up to 1m
height) with a mean ﬁne fuel load (5 t ha−1) that characterizes the
dominant medium-density shrublands (> 65% of shrubland), while in
Azevedo et al. (2011b) and Duguy et al. (2007), dense and tall (≈2m
height) shrubland prevails, with heavy fuel load (≈23 t ha−1) favoring
Fig. 6. Distribution of the burned area in each fuel type per ﬁre intensity class based on 30 simulated ﬁres, where: (a) Mixed forest; (b) Semi-natural areas; (c)
Coniferous plantations; (d) Sweet chestnut groves. Median, quartiles and outlier values are shown.
Fig. 7. Estimated economic value (million €) of the selected provisioning eco-
system services in the study area. The columns represent the total economic
value, including the estimated losses due to ﬁres and the remaining potential
supply per date and scenario.
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fast and intense ﬁres. However, comparison between our shrubland
model and fuel model 5 (Anderson, 1982) used by Duguy et al. (2007)
reveals similar ﬁre behavior.
4.2. Trends in ﬁre protection ecosystem service
The reduction in regulation capacity over time described above was
also observed in the supply of FPES in the Sabor River’s upper basin.
From 1990 to 2020 there was a considerable growth in the supply and
value of the provisioning ES considered in this work but reaching the
highest levels in the case of the Forest expansion scenario. A very high
supply of ES in a scenario of higher abundance of forests is also ex-
pected for other categories of ES in the same area (Sil et al., 2016). Over
the same time interval, there was also a substantial growth in losses
caused by simulated ﬁres (Figs. 7 and 8). This growth in damage,
however, was more than proportional in relation to ES value growth
indicating a decrease in the FPES of the landscape. This means that
although the supply and value of provisioning ES in the landscape
tended to increase within the period of analysis, there was a stronger
loss of the ﬁre protection ES in the same period (Fig. 8). This trend was
observed for changes in the landscape between 1990 (1M€ losses in
provisioning ES) and 2006 (2.4 M€) and between 1990 and any of the
scenarios (4, 6.5 and 2.4M€ for Abandonment, Forest, and Shrubland,
respectively). This suggests the possibility of continuous decreasing
FPES in the future in this area. Fire statistics for the Bragança Muni-
cipality, where the study area is located, show that there was an in-
crease in mean burned area between the 1990s and mid-2000s (ICNF,
2015) and a decrease in the last decade. Nevertheless, large ﬁre events
may become more frequent (Fig. 4) under future scenarios, contributing
to higher vulnerability of the natural values and socioeconomic system
to wildﬁres, although extreme intensity ﬁres may be reduced (Fig. 5).
Three levels of economic trade-oﬀs between ﬁre regulation and the
provisioning functions were identiﬁed among scenarios (Fig. 8). These
represent levels of potential ﬁre-induced economic damage on provi-
sioning ES related to the eﬀects of landscape change on FRC and FPES.
Despite the high potential economic beneﬁts of forest expansion
(Fig. 7), this scenario represents also a strong decrease in the FPES and
its economic value (Figs. 7 and 8). Lower FPES and corresponding
economic value are also expected in the Shrubland expansion scenario,
although the potential economic losses will be the lowest among sce-
narios (Figs. 7 and 8). Yet the sustainable supply of the provisioning ES
in the future may also be aﬀected negatively in this case (Figs. 7 and 8).
The eﬀect of FPES loss in the Rural abandonment scenario is inter-
mediate between the other scenarios (Fig. 8), suggesting that high le-
vels of provisioning ES may be maintained in the future (Fig. 7) and,
simultaneously, the mitigation of extreme ﬁre intensity events (Fig. 5)
at the expenses of moderated potential economic losses (Fig. 7) may
occur as well, although ﬁre size tends to increase as in the other two
scenarios (Figs. 3a and 6).
Our results followed the pattern of the estimated economic losses
(suppression costs not included) reported for the Bragança municipality
(ICNF, 2015) during 1990 and mid-2000s. However, ICNF (2015) re-
ports that economic losses in the area are currently decreasing, which is
only comparable to the Shrubland expansion scenario (Fig. 7). Never-
theless, our estimates tend to be higher, which may be explained pri-
marily by the fact that we are comparing simulated with actual ﬁres
that depend on actual weather conditions, ignitions and ﬁre suppres-
sion (constant or not addressed in our modeling exercise) and by the
diﬀerent valuation methods applied in damage evaluation. We used the
supply and value of three provisioning ES and mean burned areas
(1021 € ha−1 in 1990, 2222 € ha−1 in 2006, 3038 € ha−1 in 2020 –
Rural abandonment, 3430 € ha−1 in 2020 – Forest expansion, and
2795 € ha−1 in 2020 – Shrubland expansion), while ICNF (2015) esti-
mates used a constant value (1435 € ha−1), regardless of the potential
changes in the provision of natural values in the area.
The estimates reported by Madureira et al. (2013) for the value of
the ﬁre regulation ES, based on stated preferences methods averaged
276.2 € ha−1, thus are much lower than ours. Similarly, estimates re-
ported by Parthum et al. (2017) for the value of ﬁre mitigation ES, are
much lower than our estimates, considering the avoided costs of a
single wildﬁre on the public health system (7.5 € ha−1 year (1US
Dollar= 0.94€)). Conversely, the ﬁre regulation ES estimated for
Spanish ecosystems (Román et al., 2013) using revealed preferences
techniques is much higher (2229 T€ ha−1 on average) than our esti-
mates.
Ninan and Kontoleon (2016), using an ESD conceptual approach,
reported a value of 2.1 € ha−1 per year (1US Dollar= 0.94€) for the
compensation paid by state forest authorities for wildﬁre damage and
the social damage value of carbon emissions by ﬁres, which is much
lower than our estimates. Overall, diﬀerences found among studies may
be partially explained by diﬀerent valuation methods applied, but also
due to diﬀerent conceptual basis of the assessment and the diﬀerent
Fig. 8. Variation of FPES supply (%) as a proportion of the maximum economic value of the selected provisioning ES in the study area, and the corresponding ﬁre-
related losses (%) among dates and alternative landscape scenarios.
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deﬁnitions for ﬁre regulating ES used by authors, which may hamper
the comparison between studies, and a better perception of the eco-
nomic value of the service to implement future schemes of payment for
ecosystem services.
4.3. Management implications
This study highlighted that landscape change, driven by farmland
abandonment, is a determinant factor in the modiﬁcation of ﬁre be-
havior patterns, the Fire Regulation Capacity and the supply of the
Forest Protection Ecosystem Service in the Sabor River’s upper basin
landscape. Our results suggest that landscape changes favoring fuel
continuity and more hazardous fuels, then larger ﬁres may occur which
agrees with ﬁndings elsewhere in the Mediterranean Europe (Fernandes
et al., 2016b; Koutsias et al., 2015; Pausas and Fernández-Muñoz, 2012;
Pereira et al., 2013; San-Miguel-Ayanz et al., 2013; Turco et al., 2017).
Also, under severe weather conditions, more extreme intensity ﬁre
behavior is expected to occur (Palheiro et al., 2006; Taylor et al., 1996),
particularly if conifer stands dominate the landscape (Pinto and
Fernandes, 2014), which may increase suppression diﬃculty
(Alexander and Lanoville, 1989) and economic losses, resulting in
growing vulnerability of people and their livelihoods to wildﬁre.
The patterns identiﬁed in this study suggest, therefore, that main-
taining a heterogeneous landscape structure may increase the capacity
to moderate extreme ﬁre events. This is particularly relevant under
future global change scenarios, i.e. to maintain or to increase FRC and
FPES in landscapes in the future. This is crucial for mitigating im-
mediate ﬁre impacts on human communities but also to increase eco-
system resiliency to ﬁre (Torres et al., 2018), maintaining the provision
of essential ES by the landscape. However, this will largely depend on
planning and management, which to this aim should focus mainly on
preventive measures related to fuel treatments, fuel type conversion
and landscape structure optimization (Fernandes, 2013; Fernandes
et al., 2013; Smith et al., 2016).
Land planning and management of this and other ﬁre-prone areas
should consider the maintenance of a diverse plant composition in the
landscape, allowing natural fuel breaks to disrupt continuous highly-
ﬂammable cover types (Fernandes et al., 2010; Oliveira et al., 2016)
and the use of less ﬁre-prone forest species in aﬀorestation programs
and projects (Azevedo et al., 2013), combined with fuel hazard re-
duction through silvicultural and fuel treatments, particularly in conifer
stands (e.g. Fernandes and Rigolot, 2007; Fernandes et al., 2004); the
use of prescribed burning to reduce fuels, moderating wildﬁre impacts
and facilitating its suppression (Fernandes, 2015; Fernandes et al.,
2013); and the maintenance of traditional activities (e.g. grazing),
jointly with prescribed burning (Honrado et al., 2017; Mateus and
Fernandes, 2014). In addition, changes at the policy level are also re-
quired. The ﬁre suppression oriented policy followed in the country for
many decades may have contributed to fuel buildup in the landscape
(Collins et al., 2013; Mateus and Fernandes, 2014). Also, forest plan-
ning and policy in Portugal has favored the expansion of monocultures
of highly ﬁre-prone species which, if not properly managed, contribute
to increasing ﬁre hazard (Moreira et al., 2011).
This study underlined the economic importance of FPES, given the
impact of ﬁre on other ES provisioned by the landscape. Assessing the
economic value of existing natural resources, as well as the potential
costs associated with possible threats, may be an important step to-
wards diversifying economic activities in mountain regions, where rural
abandonment is possibly irreversible, but also a way to raise awareness
regarding the need to address ﬁre management among landowners,
communities, and agents involved in managing these ﬁre-prone areas.
Fire management actions as those described above may reduce eco-
nomic losses due to wildﬁres, and enable higher supply of other valu-
able ES, as well as maintain traditional activities that may help to slow
down rural abandonment. The development of collaborative measures
to support the economic costs of management actions is urgently
needed. These may be achieved through the payments of ES, that would
directly revert to ﬁre risk reduction (Jones et al., 2017; Miller et al.,
2017), and to preserve and increase regular ES supply.
Limitations arose in simulating ﬁre behavior (e.g. simpliﬁcation of
land cover and fuel types, and ﬁre weather conditions for the entire
area), as well as in establishing future landscape scenarios for the area,
which should be improved in future research. Also, the valuation of the
ﬁre protection ES should be improved. Although the impact of ﬁre on
traded market goods supply is of very high importance, it may be still
insuﬃcient to attain the “true” value of the service, since many ES may
not be valued in conventional trade markets (e.g., cultural services (de
Groot et al., 2010)). Thus, a more comprehensive valuation should be
taken (Pascual et al., 2017), including, e.g., the demand for goods in the
provisioning ES valuation estimates (Mouchet et al., 2014), the will-
ingness to pay for ﬁre regulation (Madureira et al., 2013), the inclusion
of regulating services (e.g. carbon sequestration) that are directly af-
fected by ﬁre as part of the assessment (Carvalho et al., 2011), as well as
costs related to fuel management (Jones et al., 2017), ﬁre suppression
and environmental restoration (Lee et al., 2015), and human life
(Parthum et al., 2017; Román et al., 2013). Nonetheless, the results of
this study are useful to establish baselines for future management and
planning to support decision-making based on past and future alter-
native landscape scenarios trends.
5. Conclusions
Wildﬁres and their potentially harmful eﬀects on humans and their
livelihoods can be regulated by landscapes. The assessment of land-
scape changes is very urgent since these drive the landscape ﬁre reg-
ulating capacity, particularly in the context of climate aggravation, and
the supply of the ﬁre protection ES.
In this study we observed that landscape changes taking place since
the 1990s are decreasing the regulating capacity of the landscape as
well as it the supply and value of FPES in a mountain region in the
North of Portugal. Simulated ﬁre behavior metrics used as indicators of
landscape capacity to regulate ﬁre and an evaluation of losses in the
supply of three provisioning ES allowed the identiﬁcation of trends in
FPES, highlighting diﬀerent levels of economic trade-oﬀs between ﬁre
regulation and provisioning functions in the landscape, which may be
relevant to better support future planning and management in this and
other ﬁre-prone areas.
This study can assist private and public land owners and managers
to better understand the relationships between LULC, FRC, FPES and
environmental and economic eﬀects of wildﬁres, and to integrate
adaptive strategies to cope with possible trade-oﬀs between ES supply
and ﬁre regulation, particularly in ﬁre-prone mountain regions ex-
periencing land abandonment, typically socioeconomically vulnerable
to climate and disturbance regime shifts.
Therefore, we recommend that the management and planning of
areas aﬀected by farmland abandonment should focus on actions to-
wards the maintenance of landscape heterogeneity, since this is of the
utmost important to the regulation of wildﬁres and consequently in-
crease the capacity of protection of people and their livelihoods, and to
maintain the supply of other ES, contributing to the sustainable de-
velopment of these regions. Landscapes in these areas, therefore, should
be kept diversiﬁed both in terms of its conﬁguration, allowing the ex-
istence of a landscape mosaic with diﬀerent land uses and covers that
disrupts the ﬁre spread, thus helping to prevent the occurrence of large
ﬁres, and also in terms of its composition, since that maintaining the
landscape balanced in terms of species composition allow to reduce
areas that may burn at extreme ﬁre intensities and increases the ca-
pacity to control ﬁres.
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